As an environmental factor, light influences the physiological functions and secondary metabolism of plants. However, the role of light in cotton fiber development and pigment biosynthesis has not yet been thoroughly explored. In this study, ovules of green cotton were cultured in vitro under dark and light conditions, and fiber and ovule growth parameters as well as fiber carbohydrate and cellulose contents and the expression of genes related to fiber development were investigated to elucidate the effect of light on fiber development. In addition, to investigate the effect of light on fiber pigment biosynthesis, the fiber flavonoid content and related gene expression were determined. The results demonstrated that the fiber length and the expression levels of fiber elongation genes under light culture were significantly lower than under dark culture, however, the ovule and fiber weight were significantly higher than under dark culture. The fiber developed under light culture had higher carbohydrate concentrations and carbohydrate transformation rate than under dark culture. Additionally, light culture exhibited higher cellulose contents and expression levels of cellulose biosynthesis genes compared with dark culture. In contrast, the pattern of the effect of light on flavonoid biosynthesis differed from that for cellulose biosynthesis. At 10 DAC (days after culture) and 20 DAC, the flavonoid contents and the expression levels of genes related to flavonoid biosynthesis were lower than under dark culture. However, the flavonoid contents and gene expression levels observed at 30 DAC and 40 DAC were higher in the light culture than in the dark culture. These results suggested that light hindered fiber elongation, but promoted carbohydrate accumulation and carbohydrate transformation, which resulted in fiber weight gain and increased cellulose accumulation in fibers. In addition, light inhibited flavonoid biosynthesis at early stage of fiber development, but promoted it at later stages. These findings provide the basis for intensive study of fiber development and flavonoids biosynthesis in green cotton.
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harmless to human health [2] . Green cotton is a kind of naturally colored cotton that accumulates green pigment in its fiber, and its fiber quality is worse than that of brown cotton.
Fiber development in green cotton is similar to that in white cotton, which is influenced by the expression of fiber elongation genes and cellulose biosynthesis genes [3, 4] . Fiber differentiation is related to the expression of the Expansin gene (GhEXP) and the sucrose synthase gene (GhSuSy) [5] . The expansin protein can regulate the expansion of the cell wall, which can break the hydrogen bonds between cellulose microfibrils and hemicelluloses, promote polymer sliding, and cause cell wall stretching [6] . GhEXP1, which is related to fiber elongation and specific expression during fiber elongation, is a member of the Expansin gene family [7] . Sucrose synthase can catalyze the transformation of sucrose into fructose and uridine diphosphate glucose (UDPG), which can increase intracellular osmotic stress and promote the initiation of ovule epidermal cells [8] . Furthermore, UDPG can be transported to the cellulose synthase catalytic subunit and is mainly used for the biosynthesis of cellulose [9] . β-1,3-glucanase can degrade β-1,3-dextran and transport sugar molecules to the nonreducing end of cellulose to synthesize fibrilla [10] . In addition, cellulose synthase can catalyze UDPG to form β-1,4-glucose polymers (cellulose); GhCelA1 and GhCelA2 are two key genes involved in the process of cellulose biosynthesis [11] .
The fiber pigment of green cotton is one of the important features that differentiates green cotton from white cotton. The composition of fiber pigment in green is complicated [12] [13] [14] , but recent research has demonstrated that flavonoids are the main components [15] . Flavonoids are synthesized via the pathway of phenyl propane metabolism, in which phenylalanine ammonia lyase (PAL) is the first enzyme to catalyze a reaction. Chalcone synthase (CHS), flavanone-3-hydroxylase (F3H), dihydroflavonol reductase (DFR), anthocyanidin synthase (ANS), and anthocyanidin reductase (ANR) are the major intermediate enzymes in flavonoid biosynthesis [16] . Therefore, the expression levels of these genes will influence the flavonoid contents of green cotton fiber directly.
Light is a predominant energy source for plant photosynthesis and also an important signal for plant growth and development [17] . It is now known that plants contain photoreceptors, such as phototropins, cryptochromes, phytochromes, among others. Absorption of light by these photoreceptors stimulates signaling pathway that ultimately influences the physiology of a plant [18] . Previous studies showed that light affects fiber elongation, cellulose accumulation, fiber development genes expression, fiber quality formation, and fiber color in field planted cotton [5, 19, 20] . The effects of light on plant growth and development are mainly because light can affect the expression of photosynthetic genes, which affect the biosynthesis of carbohydrate and secondary metabolites in plant [21, 22] . At present, the reasons for poor fiber quality in green cotton are being unveiled, and most research on the light influencing fiber development focuses on field plantings of cotton (such as boll shading) [5, 20, 23] . However, the fiber of green cotton grows in the dark environment because of the boll shell, whether the light has an effect on its development and pigment biosynthesis is still unknown. In this study, a green fiber cultivar (Lvxumian No. 1) was used to measure the effects of light on fiber growth and development in vitro and on the gene expression of key enzymes involved in cellulose and flavonoid biosynthesis.
Material and methods

Plant material
The green cotton genotype Lvxumian No. 1 (Gossypium hirsutum) was cultivated at the experimental farm of Anhui Agricultural University, in Hefei, China. Conventional practices of cultivation were used throughout the growth period. The cotton flowers on the upper branches of the plants were tagged on the day of anthesis, and the flowers on the 1st day post-anthesis (DPA) were harvested between 8 a.m. and 10 a.m.
Ovule culture
The harvested ovaries were sterilized in 75% ethanol and 0.1% mercuric chloride for 2 min and were then rinsed with sterile distilled water 5 times. The ovules were subsequently carefully dissected from these ovaries under sterile conditions and immediately floated on the BT medium in a 100-mL culture bottle [24] . The BT was modified from the Murashige and Skoog medium [25] . Nitrogen was in the form of KNO 3 instead of NH 4 ) were filter-sterilized and added to the medium after autoclaving. Each culture bottle contained 30 mL of liquid medium and approximately 20 ovules. The cultures were divided into two parts. One part was cultured in the light at 100 µmol m −2 s −1 (which was found optimal in the preliminary experiments) at a constant 30°C under a 12-h photoperiod, and the other was cultured in the dark at the same temperature. The ovules were collected at 10, 20, 30, and 40 days after culture (DAC). About 40 ovules were used to determine ovule and fiber growth parameters, and the remainder were stored at −70°C prior to other analyses.
Determination of fiber and ovule growth parameters
Fiber length was measured using the water washing method [26] . The ovules were boiled in water for 2 min to detach fibers, and after cooling, the ovules were placed on a slide and rinsed with purified water. The fibers were straightened, and fiber length was measured using a ruler. To determine the fresh weight of the ovules and fibers, the total weight of the ovules and fibers was estimated, and after removal of the fibers, the remaining sample was weighed to obtain the ovule fresh weight. Then, the total weight minus the ovule fresh weight was considered to be the fiber fresh weight. Three replicates were included in each assay, and each replicate was composed of six ovules.
Determination of carbohydrate and cellulose contents
Fiber samples (0.25 g, dry weight) were placed in test tubes, and 5 mL of distilled water was added. The fibers were distilled in boiling water 4 times, the first time for 30 min and then for 15 min. The fiber solvent was then filtered, and distilled water was added to a final volume of 25 mL. Carbohydrate contents were determined using the anthrone method [27] .
Cellulose contents were measured in three biological replicates using the method of Viles and Silverman (1949) [28] . The residue obtained from extracting the soluble carbohydrates was dried in the oven to a constant fiber weight. The residue was hydrolyzed with 80% (v/v) H 2 SO 4 for 30 min in cold water and then diluted with distilled water. After filtering, distilled water was added to a final volume of 100 mL. The posthydrolysis sugar content was determined in accordance with the soluble carbohydrate method.
Determination of total flavonoid contents
Methanol (20 mL) was added to a 0.25 g (dry weight) of fiber, and the fibers were extracted for 1.5 h via the reflux method in a 75°C water bath. The fiber solvent was filtered using Whatman #1 filter paper, and methanol solution was added to a volume of 25 mL. Flavonoid contents were measured using the method of Wang et al. [29] . The sample solvent (1 mL) was placed in a flask, and 30% (v/v) ethanol was added to a volume of 5 mL. Then, 0.3 mL of NaNO 2 5% (w/v) was added, and the mixture was mixed thoroughly and left on the bench for 5 min before 0.3 mL of 10% (w/v) Al(NO 3 ) 3 was added. Six minutes later, 2 mL of 1 N NaOH was added, followed by 30% (v/v) ethanol to a final volume of 10 mL. The absorbance was measured at 510 nm after the sample had been incubated on the bench for 10 min. Three biological replicates were performed.
RNA extraction and qPCR assays
Total RNA was isolated according to the instructions of the RNAprep Pure Plant Kit (TIANGEN, DP441, China). When total RNA was isolated, the A 260 /A 280 ratio was measured and RNA gel electrophoresis was conducted to assess RNA quality (Fig. 1) . The reaction system for removing genomic DNA contained 2.0 μL of 5× gDNA eraser buffer, 1.0 μL of gDNA eraser, 1.0 μL of total RNA and 6.0 μL of RNase-free dH 2 O, and the reaction was carried out at 42°C for 2 min. The obtained RNA was reversetranscribed into cDNA using the M-MLV RTase cDNA Synthesis Kit (Takara, China). The total RNA was quantified to 1000 ng when conducting a reverse-transcription for 20 µL reaction system. qPCR was performed using the ABI 7500 Real-Time PCR System. The 20-μL reaction system contained 10 µL of SYBR Green, 0.8 µL of forward primers, 0.8 µL of reverse primers, 0.4 µL of ROX reference dye, 2 µL of cDNA, and 6 µL of dH 2 O. The amplification program was 95°C for 30 s, followed by 40 cycles of 95°C for 5 s and 60°C for 34 s. The 2 −ΔΔCT method was used to calculate the difference of gene expression. The ΔΔC T was calculated in the following equation:
, in which sample A was the fiber under dark and light culture from 10 DAC to 40 DAC and sample B, the fiber under dark culture at 10 DAC as standard. PCR amplification efficiency was determined by means of calibration curves. For calibration curves, five template concentrations were plotted on the x axis and the corresponding C T s were plotted on the y axis. The annealing temperature and the primers were modified to ensure that the R 2 values of the calibration curve were about 0.99, and the amplification efficiency in the range of 90-105%.
The primers for the fiber development genes and flavonoid structural genes were designed according to the conserved regions of the sequences based on the NCBI nucleotide database. Meanwhile, primers designed for qPCR were positioned in the junctions of two exons that included intronic spacers (Tab. 1). Ubiquitin 7 (GhUBQ7) was amplified as an internal control, for which the primers were synthesized according to Tan et al. [16] . Three biological repeats and at least two technical repeats for each assay were performed.
Data analysis
Graphs were generated using Excel software (Microsoft Corp., Redmond, WA, USA). T-tests for significant differences between means were performed using SAS 9.1 software.
Results
Growth of ovules and fibers
The growth of the green cotton ovules and fiber under light and dark cultures from 10 DAC to 40 DAC is shown in Fig. 1 . The color of the fiber was white at 10 DAC and 20 DAC and became green after 20 DAC under both dark and light culture.
The fiber length, ovule fresh weight, and fiber fresh weight increased gradually during fiber development under both dark and light culture (Fig. 2a-c) . At 10 DAC, the differences in fiber length, ovule fresh weight, and fiber fresh weight were insignificant between the light and dark cultures. From 20 DAC to 40 DAC, the fiber lengths measured under light culture were 11, 13.2, and 13.33 mm, which were significantly shorter than those measured under dark culture. At 30 DAC and 40 DAC, the ovule fresh weights obtained under light culture were 117.48 and 172.3 mg, respectively, and the fiber fresh weights were 80.96 mg and 136.05 mg, respectively, which were significantly greater than the values measured in the dark culture. In addition, from 20 DAC to 40 DAC, the ratios of fiber fresh weight to fiber length recorded in the light culture were significantly higher than in the dark culture (Fig. 2d) .
Fiber carbohydrate contents and carbohydrate transformation rates
The general trends were similar between the light and dark cultures regarding the changes in fiber carbohydrate contents (Tab. 2). The carbohydrate contents in the fibers in both the dark and light cultures decreased during fiber development. At 10 DAC, the fiber carbohydrate content in the light culture (26.54%) was higher than in the dark culture (16.47%). At 40 DAC, the fiber carbohydrate contents in the light and dark cultures were 4.57% and 4.05%, respectively, but the difference between these values was not significant. Differences in the fiber carbohydrate transformation rate: [100 × (10 DAC carbohydrate content − 40 DAC carbohydrate content) / 10 DAC carbohydrate content], were also observed between the light and dark cultures. The fiber carbohydrate transformation rate in the light culture was 82.76%, which was significantly higher than the rate of 75.45% measured in the dark culture.
Tab. 1 Primer pairs used to amplify fiber genes in qPCR.
GenBank accession
Gene name Forward primer (5'-3') Reverse primer (5'-3') 
Fiber cellulose and flavonoid contents
The patterns of cellulose accumulation in both the dark and light cultures were consistent with those in plant-grown fibers, with the cellulose contents increasing gradually from 10 DAC to 40 DAC (Fig. 3) . However, the final cellulose contents in both the dark and light cultures were much lower than that in the in situ-grown fiber [30] . From 10 DAC to 40 DAC, the cellulose contents under the light culture were higher than under the dark culture. At 40 DAC, the cellulose content in the light culture was 34.94%, which was significantly greater than the content of 22.51% observed in the dark culture. The peak flavonoid contents were obtained at 20 DAC in both the dark and light cultures (Fig. 4) . At this time point, the flavonoid content under light culture was 2.33 The data are given as means ±SD; " " shows the significant differences at 5%. mg/g, which was significantly lower than the content measured under dark culture (3.17 mg/g). However, the flavonoid contents were higher in the light culture beyond 20 DAC, and significant differences were observed at 40 DAC.
Expression of genes related to fiber elongation and secondary wall biosynthesis
To further elucidate the influence of light on fiber development, the expression levels of the fiber elongation genes GhEXP1 and GhSuSy and the secondary wall biosynthesis genes GhSuSy, Ghβ-1,3-glucanase, GhCelA1, and GhCelA2 were measured from 10 DAC to 40 DAC. As shown in Fig. 5 , the GhEXP1 gene exhibited the highest expression levels at 10 DAC in both the dark and light culture, but this gene had negligible expression at 30 DAC and 40 DAC. Moreover, light culture was found to inhibit the expression of GhEXP1, as the expression levels of the GhEXP1 gene at 10 DAC and 20 DAC were significantly lower than in the dark culture. The influence of light on the expression of GhSuSy differed from that on GhEXP1, as GhSuSy expression levels were significantly lower at 10 DAC and 20 DAC in the light culture than in the dark culture. However, the expression levels were significantly higher than under dark culture at 30 DAC and 40 DAC. Similar patterns of gene expression were observed for Ghβ-1,3-glucanase, GhCelA1, and GhCelA2. That is to say, the expression levels of these genes were highest at 20 DAC and then decreased gradually. The expression levels of Ghβ-1,3-glucanase in the light culture were significantly higher than in the dark culture at 30 DAC and 40 DAC, and those of GhCelA1 and GhCelA2 were significantly higher than in the dark culture from 10 DAC to 30 DAC. In addition, GhCelA1 and GhCelA2 exhibited higher expression levels only at 20 DAC in the light culture, and the levels of these genes in the other stages were all quite low. However, the expression levels of these two genes under dark culture were all quite low throughout fiber development.
Expression of genes related to flavonoid biosynthesis
The expression levels of six genes related to fiber flavonoid biosynthesis were measured in vitro (Fig. 6) . From 10 DAC to 30 DAC, the GhCHS, GhF3H, GhDFR, GhANS, and GhANR genes exhibited high expression levels. However, at 40 DAC, the GhPAL and GhCHS exhibited moderate expression levels only under light conditions. In addition, a similar influence on the expression levels of the six genes was observed in both the dark and light cultures, with the expression levels of the six genes being inhibited in the light culture at 10 DAC and 20 DAC, while at 30 DAC, the expression levels of the six genes were higher than under dark culture.
Discussion
Phytochromes are plant photoreceptors that mediate physiological and developmental responses, such as germination, stem elongation, flowering, chloroplast and leaf development, and gene expression [31] . For example, cotton fibers exposed to a high red/far-red photon ratio during development were longer than those that received lower red/far-red ratio, implicating the involvement of a phytochrome [32] . In addition, cryptochromes mediate blue-light-dependent regulation of gene expression in addition to its effect on plant growth [33] . Our findings demonstrate that light culture increased the fresh weights of the ovule and fiber. The ovule and fiber fresh weights measured under the light culture from 20 DAC to 40 DAC were significantly higher than under the dark culture. The ratio of fiber weight to fiber length could reflect the degree of cell wall thickening because the main components of fiber are the cell wall materials [4] . From 20 DAC to 40 DAC, the ratios of fiber weight to length obtained in the light culture were significantly higher than in the dark culture, indicating that the light culture could enhance fiber cell wall thickening. To further study the effect of light on fiber biomass, carbohydrate concentrations and carbohydrate transformation rates were measured in both the dark and light cultures. The results indicate that the carbohydrate concentrations and carbohydrate transformation rates were higher in the light culture than in the dark culture during fiber development, promoting fiber weight gain. The results reported by Harmer et al. [7] indicate that GhEXP1 is specifically expressed during fiber cell elongation and significantly influences fiber elongation. In addition, intracellular osmotic stress influences the elongation of plant cells, as cotton fiber cells maintain a certain level of intracellular osmotic stress that may promote fiber cell differentiation [34] . SuSy can catalyze the transformation of sucrose into fructose and UDPG, which can significantly increase intracellular osmotic stress. Previous research showed that the low SuSy activity in lintless mutant ovules results in a decrease in epidermal osmotic stress, preventing the differentiation of fiber cells [35, 36] . In our experiments, the fiber lengths in the light culture were lower than in the dark culture, which might be related to the low levels of GhEXP1 and GhSuSy expression during fiber cell differentiation in the light culture. SuSy is not only a key enzyme regulating fiber cell differentiation but also a key enzyme regulating cellulose biosynthesis. In fact, SuSy can degrade sucrose to provide a substrate for cellulose biosynthesis [37, 38] . From 30 DAC to 40 DAC, the levels of GhSuSy expression in the light culture were higher than in the dark culture, which could promote the biosynthesis of cellulose. Fiber cells contain high levels of ß-1,3-glucan during secondary wall cellulose biosynthesis stages. ß-1,3-glucanase can digest ß-1,3-dextran glycosidic bonds, hydrolyze callose, and provide UDPG for the biosynthesis of cellulose [39, 40] . Throughout the fiber growth period, the expression levels of ß-1,3-glucanase in the light culture were higher than in the dark culture, with almost no expression being detected at 30 DAC and 40 DAC in the dark culture. These lower expression levels of ß-1,3-glucanase in the dark culture resulted in less cellulose accumulation. GhCelA1 and GhCelA2 are two of the main genes responsible for the biosynthesis of cellulose and are highly expressed during secondary wall thickening. The results of this study demonstrate that the highest expression levels of GhCelA1 and GhCelA2 occurred at 20 DAC in both the dark and light cultures, and the expression levels of these genes in the light culture were significantly higher than in the dark culture throughout fiber development, indicating that light could promote the biosynthesis of cellulose.
Many studies have shown that light not only regulates plant physiological functions but can also regulate secondary metabolism [41, 42] . Flavonoid biosynthesis genes are regulated both spatially and temporally in plant development and are induced by environmental stimuli, including light. The biosynthesis of flavonoid and the expression levels of related genes are regulated by phytochrome, cryptochrome, phototropin, and UV-B photoreceptors [43, 44] . For example, flavonoid biosynthesis was suppressed by increasing the amount of far-red light of phytochrom [45] , whereas UV-A / blue light induction of the flavonoids biosynthesis was mediated principally by cryptochrome [44] , in addition, the biosynthesis of flavonoids and the expression levels of related genes are induced most effectively by UV-B light [46, 47] . In fact, a white light source that contains all these wavelengths is usually used to induce flavonoid biosynthesis. Our findings revealed differences in flavonoid contents and in the expression levels of GhPAL, GhCHS, GhF3H, GhDFR, GhANS, and GhANR of green cotton fiber between the light and dark cultures. From 10 DAC to 20 DAC, the expression of these genes was inhibited in the light culture, and the measured flavonoid contents were lower than in the dark culture. However, the flavonoid contents and gene expression levels were higher in the light culture than in the dark culture from 30 DAC to 40 DAC. Flavonoid biosynthesis may be associated with osmotic stress in the cell, and high osmotic stress can promote the expression of genes related to flavonoid biosynthesis [48] . From 10 DAC to 20 DAC, the expression levels of GhSuSy in the dark culture were higher than in the light culture, which increased osmotic stress in the fiber cells and promoted the biosynthesis of flavonoids. However, opposite results were observed from 30 DAC to 40 DAC. In addition, carbohydrates are used not only to synthesize cellulose, but also to form flavonoids [49, 50] . From 10 DAC to 20 DAC, cellulose biosynthesis was faster in the light culture than in the dark culture, which resulted in a large amount of carbohydrates being consumed by the fibers and a smaller amount of carbohydrates being used for flavonoid biosynthesis. However, during the later stage of culture (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) , the speed of cellulose biosynthesis was low under light culture, and carbohydrates were mainly used for flavonoid biosynthesis.
Conclusions
Our studies describe an analysis of the role of light in green cotton ovule culture development and flavonoid synthesis. The present results showed that fiber elongation is inhibited but secondary cell wall deposition enhanced when ovules are cultured in the light relative to in the dark. The effect of light on flavonoid biosynthesis depended on the developmental stage of the cotton fiber. The phenylephrine pathway leading to flavonoid biosynthesis is inhibited in the light-grown fibers at the early stages of development, but it is enhanced at the later stages of development. Our conclusions were drawn based on the light and dark culture of green cotton ovules, as the effects of specific photoreceptors on green cotton fiber development and flavonoids biosynthesis need to be further investigated.
